Introduction {#s1}
============

All living things including mammalians are always exposed to various dangers disturbing intracellular and whole body homeostasis. Therefore, they possesses diverse mechanisms for survival against these dangers. In particular, neurodegenerative diseases-Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis--generate toxic intracellular insoluble aggregates and solid inclusions in neurons and glia cells. Consequently, similar aggregates and inclusions appear in other organs and tissues in addition to the central nervous system and disturb intracellular homeostasis, leading cell death.

Polyglutamine (polyQ) disease is also a neurodegenerative disease, but it is distinct from others, as polyQ disease is a generic name. Actually, nine disorders, Huntington's disease (HD), spinocerebellar ataxia 1 (SCA1), SCA2, dentatorubral-pallidoluysian atrophy (DRPLA), spinal bulbar muscular atrophy (SBMA), Machado-Joseph disease (SCA3), SCA6, SCA7, and SCA17 belong to this disease. These nine disorders develop abnormal conformational proteins resulting in toxic aggregates and inclusions, because their genes encode pathogenic polyQ proteins, having abnormally expanded CAG repeats in their exons. For example, huntingtin (HTT) protein is a cause of HD, the normal *HTT* gene has only \~40 CAG repeats in the genome. However, pathogenic *HTT* has more than 150 CAG repeats and generates pathogenic polyQ-HTT proteins containing more than 50 glutamine residues, and these polyQ-HTT proteins form aggregates and inclusion bodies. This characteristic feature is common to all nine polyQ diseases. However, as in the case of other neurodegenerative diseases, no therapeutics to cure these diseases have been developed.

As these aggregates and inclusions include misfolded proteins, the well-known chaperone heat shock protein (Hsp) has been expected to be useful for the development of effective medicine, because Hsp is a good chaperone and chaperone proteins have a strong ability to recover precise folding in misfolded proteins. Hsps bind to the nascent polypeptides released from ribosomes and assist in their precise folding, but it has recently been found that most intracellular proteins interact with Hsps and maintain their folding. In fact, Hsp90 have many client proteins and most intracellular proteins interact with Hsps \[[@r16]\]. Therefore, in the development of medicines for neurodegenerative diseases, Hsps have been the main targets for the discovery of useful therapeutics.

On the other hand, the induction and expression of Hsps are regulated by the transcription factor Heat shock transcription factor 1 (HSF1). HSF1 was originally discovered as a transcription factor of Hsp70 when cells were exposed to high temperature \[[@r18]\]. HSF1 is one of four mammalian HSFs, but only HSF1 has the ability to induce various Hsps. Hsp70 induction by heat shock is completely abolished in HSF1-deficient mouse embryonic fibroblasts (MEFs) \[[@r11]\]. Benjamin and his colleagues established HSF1-deficient mice, and revealed HSF1 is required for thermotolerance \[[@r22]\]. However, genome-wide analysis using WT and HSF1-deficient MEFs revealed that HSF1 regulates and induces a lot of genes even under the 37 degrees control condition \[[@r30]\].

Recently, my colleagues and I revealed that HSF1 positively regulates twenty-nine novel target genes and that these genes are non-Hsp \[[@r12]\]. Surprisingly, eight genes − Nuclear Factor of Activated T-cell cytoplasmic 2 (Nfatc2) \[[@r13],[@r14],[@r15]\], PDZ-domain containing 3 (Pdzk3) \[[@r4], [@r9], [@r27], [@r33]\], alphaB-Crystallin (Cryab) \[[@r1], [@r20]\], Cysteine and glycine-Rich Protein 2 (Csrp2) \[[@r2], [@r8]\], Preferentially Expressed Antigen in Melanoma (Prame) \[[@r3], [@r5]\], Prominin-2 (Prom2) \[[@r7], [@r17]\], Transmembrane Protease, Serine 3 (Tmpress3) \[[@r6], [@r26]\], and Dehydrogenase/reductase 2 (Dhrs2) \[[@r10], [@r28]\] − strongly suppressed polyQ protein aggregations/inclusion \[[@r12]\].

Moreover, in the comparison of WT and HSF1KO MEFs, the Hsp proteins expression levels were almost the same between these two cells. Nevertheless, the expression of Nfatc2, Pdzk3, Cryab, and Csrp2 were prominently reduced in HSF1KO cells. The reduction level of Nfatc2 was especially outstanding.

In the same study, my colleagues and I used R6/2 HD model mice and established HSF1KO-HD mice. We also examined the longevity, neurological symptoms, polyQ protein aggregates/inclusion generation in the striatum and cerebral cortex, and compared all data between WT-HD and HSF1KO-HD mice. In the HSF1KO-HD mice, we found shortened longevity, obvious neurological symptoms, and more aggregates/inclusion generation.

To reveal the molecular mechanism that explains these impressive results, my colleagues and I used a cellular model and discovered that PDZK3 and CRYAB interacts and form an SCF-type E3 complex, and we found that this complex takes hold of proteins and degrades toxic misfolded protein including polyQ. It has been well-known that HSF1 induces chaperone protein Hsps and maintains the protein structure, but our study revealed for the first time that HSF1 not only repair the damaged proteins by Hsps induction but also degrade them using ubiquitin-proteasome system \[[@r12]\]. However, I did not carry out more detailed analysis.

Here, I show the expression levels of these eight genes and polyQ protein aggregates/inclusion generation in each tissue in WT-HD and HSF1KO-HD mice. Through this detailed investigation, I found some unexpected phenomena and conclude the effects of HSF1 deficiency are very broad and complicated.

Materials and Methods {#s2}
=====================

Animal care, use, and establishment of HSF1KO-HD mice
-----------------------------------------------------

All mice were housed under the controlled lightning room. Lights were on from 8:00 to 20:00 h, 22--25 degrees temperature, 50% humidity, constant ventilation (at least 10 complete fresh-air changes hourly). Food (Certified Pellet Diet MF) was purchased from Oriental Yeast, Japan. Food and water were available *ad libitum*. Five mice were maintained in a single cage. Male and female mice were maintained in different cages.

The original transgenic mouse line R6/2 containing the human huntingtin gene carrying 154 CAG repeats \[[@r21]\] was obtained from Jackson Laboratory. I purchased 6-week-old male CBA/J and female C57BL/6J inbred mice from Charles River Japan (Atsugi, Kanagawa, Japan). All mice were acclimated for more than 1 week before use in the experiments. I crossed these inbred mice and obtained CBA/J × C57BL/6J F~1~ background mice. According to the manual from Jackson Laboratory, I maintained the R6/2 line using these F~1~ mice. I maintained R6/2 mice by ovary transplantation for almost ten years. But unexpectedly, I found extended longevity and that the number of CAG repeats was shortened to 95--97 repeats. HSF1KO mice were established and maintained in this laboratory \[[@r12]\].

I crossed these ovary-transplanted female mice with HSF1KO male mice in the same background. By this crossing, I obtained HSF1hetero male R6/2 (CAG95-97) mice. Probably because of CAG shortening, these male mice had a sufficient fertilization ability, thus I crossed them with HSF1 hetero female mice and successfully generated HSF1KO-R6/2 (CAG95-97) mice. In this study, I describe R6/2 (CAG95-97) mice as HD (WT-HD and HSF1KO-HD). For collection of tissues, mice were anesthetized and euthanized with carbon dioxide gas. All experiments related to these mice were reviewed by the Committee for Ethics on Animal Experiments of Yamaguchi University School of Medicine.

Immunofluorescence
------------------

Male mouse tissues were dissected and immediately frozen in OCT compound. Sections 10-*µ*m thick were cut out using a CM1900 cryostat (Leica). Immunohistochemistry was performed by using a goat anti-huntingtin polyclonal antibody (N-18, Santa Cruz) and fluorescein isothiocyanate-conjugated rabbit anti-goat IgG (Jackson). The sections were mounted in VECTASHIELD with 4,6-diamidino-2-phenylindole (Vector Laboratories) and examined by Axioplan 2 microscopy (Zeiss).

Semi-quantitative RT-PCR from mouse tissues
-------------------------------------------

Male mouse tissues were dissected and immediately frozen with liquid nitrogen. After that, total RNA was extracted using TRIzol (Invitrogen). Two *µ*g of RNA from every tissue were applied for reverse-transcribed reaction by AMV kit (Invitrogen) using random primers. Synthesized cDNA was applied for PCR by Ex-Taq polymerase (Takara). As an internal control indicating the same amount of RNA was applied, the cDNA of ribosomal RNA S18 was also synthesized. Primer sequences were described previously \[[@r12]\]. After electrophoresis, the quantities of the bands were determined by Image-J provided by NIH (http://imagej.nih.gov/ij/).

Western blot analysis
---------------------

The tissues were acquired by the same method as for RT-PCR. The tissues were homogenized in NP40 lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP40) with protease inhibitors (PMSF, pepstatin, leupeptin). After centrifugation, the supernatant was collected. One hundred *µ*g of soluble protein was applied to SDS-PAGE (10% acrylamide) and blotted onto nitrocellulose membrane. The membrane was subjected to immunoblotting using anti-polyQ monoclonal antibody (Millipore), and anti-β-actin antibody (Sigma).

Statistical analysis
--------------------

The statistical significance was determined by Student's *t*-test. In all experiments, I considered the difference was significant when *P* values less than 0.05.

Results {#s3}
=======

The expression of the non-Hsp HSF1 target genes that prevent toxic protein aggregation is prominently reduced in HSF1KO-HD mouse tissues
----------------------------------------------------------------------------------------------------------------------------------------

In the previous study, my colleagues and I found twenty-nine novel HSF1 target genes, and the eight genes of them have a strong anti-aggregates/inclusion ability \[[@r12]\]. Therefore, I considered it is necessary to analyze the previous experimental results in detail and carried out some additional experiments.

First, I examined whether HSF1 induces PDZK3/CRYAB protein degradation complex in various tissues *in vivo*, or some other novel HSF1 target genes prevent protein aggregation by unknown mechanisms. To understand how HSF1 maintains the homeostasis at the individual animal level, I examined and compared the expression of these eight genes in each tissue of control and HSF1KO-HD mice by RT-PCR.

The result is shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The expression of anti-aggregative gene mRNA. Eight genes were analyzed, but only five genes, Nfatc2, Pdzk3, Cryab, Csrp2, and Prame, were detected in more than five tissues. Thus the results for only five genes are shown here. The numbers shown above PCR bands (1, 2, 3, 5, 6, and 7) indicate the mouse number. S18 is the internal control indicating that the same amount of RNA was applied.. I examined ten tissues; brain, heart, muscle, lung, liver, kidney, pancreas, spleen, stomach, and testis. At first, I examined the expression of these eight genes in control mice and found the expression levels of eight genes is very contrasting. Nfatc2, Pdzk3, Cryab, and Csrp2 were expressed in all or most of the tissues including brain, heart, and muscle. Prame was expressed in five tissues. In contrast, the other three genes, Prom2, Tmpress3, and Dhrs2 were expressed in only a few tissues. Prom2 was detected in the lung, kidney, and testis. Tmpress3 was in testis, and Dhrs2 was in lung and testis.

Nfatc2 was detected in nine tissues except liver. Pdzk3 was detected in eight tissues, but the level was very low in the kidney. Cryab was detected in nine tissues, but low in the liver. Csrp2 was detected in nine tissues and low in lung. Prame was detected in brain, heart, muscle, pancreas, and spleen.

I compared the expression levels of the eight genes between control and HSF1KO-HD mice in each tissue that I examined. In this analysis, I found that the expression levels of some genes were prominently reduced by HSF1 deficiency but the other genes were slightly affected or not affected at all.

I found dramatic changes in heart, spleen, and stomach ([Fig. 1](#fig_001){ref-type="fig"}). In heart, prominent reductions of Pdzk3 and Prame expression was occurred. Nfatc2 also showed a marked reduction. Cryab and Csrp2 showed a slight reduction. Thus, the expression levels of these five genes were reduced in the heart. In spleen, the five genes were expressed, but only Nfatc2 showed clear PCR bands, but the other four genes did not show the strong PCR bands even PCR amplification was performed with 40 cycles. But importantly, Pdzk3, Cryab, and Prame were not detected in the HSF1KO-HD mouse spleen. Similarly, Nfatc2 and Csrp2 were also decisively down-regulated in HSF1KO-HD mouse spleen. In the stomach, Nfatc2, Cryab, and Csrp2 were detected but Pdzk3 and Prame were not even in control tissues. However, Nfatc2 and Csrp2 were not detected in HSF1KO-HD stomach. Cryab showed a prominent reduction in the HSF1KO-HD mouse spleen.

Unexpectedly, no change of gene expression by HSF1 deficiency was found in the other seven tissues; brain, muscle, lung, liver, kidney, pancreas, and testis. In addition, the liver was very distinctive, only Csrp2 was detected.

These results indicate that HSF1 regulates these eight important genes in mouse tissues as well as in MEF cells \[[@r12]\]. However, HSF1 does not dominantly regulates in all tissue. Importantly, these genes strongly controlled in the heart, spleen, and stomach.

Higher level of soluble pre-aggregative polyQ-huntingtin protein in HSF1KO-HD mouse tissues
-------------------------------------------------------------------------------------------

After being maintained by my colleagues for a few years, I have similarly maintained HD mice for almost ten years by ovary transplantation. The original HD (R6/2) mice established by Bates and his colleagues have 154 CAG repeats \[[@r21]\]. However, our R6/2 mice had only 95--97 CAG repeats probably caused by repeated ovary transplantation, thus the phenotype of our HD mice has become milder than the original \[[@r12]\]. I established HSF1KO-HD mice, but surprisingly, these mutant HD mice showed the prominently shortened longevity and increased polyQ-huntingtin N-terminal protein (polyQ-HTT) aggregations in striatum and cerebral cortex. Although our HD mice have shorter CAG repeats, the phenotype was similar to that of the original R6/2 mice \[[@r12]\].

Bates and his colleagues also established full-length human huntingtin (containing 150 glutamine tract)-knock-in mice (*Hdh*Q150 knock-in mice) \[[@r25]\]. They used R6/2 and *Hdh*150 knock-in mice, and compared how much polyQ aggregation are formed \[[@r25]\]. As a result, they found typical polyQ inclusion bodies in each tissue they examined in both mouse types. The largest number of polyQ inclusion bodies were found in adrenal gland medulla and pancreas in both types, in contrast, a small number of polyQ inclusion bodies were found in heart cardiac muscle fibers.

Several papers reported that cardiac dysfunction occurs in both Huntington's disease patients and Huntington's disease model mice \[[@r19], [@r23], [@r24], [@r29]\]. Thus, I examined whether polyQ aggregates formed in the heart and other tissues in our HD mice or not.

I examined ten tissues of 8-weeks-old mice. Surprisingly, I could not find any polyQ aggregates/inclusion. In the heart, I could not find any polyQ aggregates or inclusion, but the soluble (pre-aggregative) polyQ protein level was lower in WT-HD mice than HSF1KO-HD ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.(a) Immunohistochemical detection of polyQ-huntingtin protein aggregates/inclusions. Aggregate formation was observed in the striatum, but not in the heart. The nuclei are stained by DAPI (blue), and polyQ-huntingtin protein is shown in green by FITC-conjugated secondary antibody. (b) Western blot analysis of polyQ protein in the heart, muscle, spleen, and striatum. The cells inside white boxes in the lower left of each figure are typical cells with aggregates/inclusions.). I found the similar difference in other tissues, including the muscle, spleen, stomach, and also striatum. I examined 20-weeks-old HD mice, but polyQ aggregates/inclusion were not observed in the heart in either type of HD mouse. Our HD mice have a shorter polyQ tract than the original R6/2, thus our HDs' polyQ-HTT protein probably does not form aggregates/inclusion easily.

Additionally, I examined the brain again after segregating it into three parts, striatum, cerebellum, and brain stem. I found polyQ aggregation again in the striatum, but not in the other two parts. In those two parts, the polyQ protein expression level was almost the same in the control and HSF1KO mice.

Next, I also examined the expression levels of the eight genes in these three parts to analyze the reason why polyQ aggregation appears in only the striatum ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.The expression of five anti-aggregative genes in the brain. The striatum, cerebellum, and brain stem were analyzed by RT-PCR. The numbers shown above PCR bands (11, 12, 13, 14, 15, and 16) indicate the mouse number. S18 is internal control indicating that the same amount of RNA was applied.). I found that Csrp2 and Prame were not expressed, but other three genes, Nfatc2, Pdzk3, and Cryab were expressed. Prom2, Tmpress3, and Dhrs2 were not detected in all three parts as well as whole brain. In the striatum, I found the reduced expression of these three genes in HSF1KO-HD mice, but not in the cerebellum and brain stem ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.The expression levels of Nfatc2, Pdzk3, Cryab in the striatum, heart, and spleen.). As shown in this study and my previous paper \[[@r12]\], polyQ expression and aggregates were found in the striatum more often in the HSF1KO-HD mice more than the control. The mRNA expression levels of Nfatc2, Pdzk3, and Cryab must be related to the polyQ aggregation level because the products of these genes have the ability to degrade protein. However, the reduction in mRNA expression of these three genes in the striatum was less than I expected. In contrast, polyQ protein aggregations/inclusion were not formed in heart and spleen, but their soluble protein level was prominently reduced. Congenital anti-aggregative ability is probably different among these three tissues, but this idea is just one hypothesis.

Expression of Hsps is not prominently changed in HSF1KO-HD mouse tissues
------------------------------------------------------------------------

In [Fig. 2](#fig_002){ref-type="fig"}, I show the five genes, Nfatc2, Pdzk3, Cryab, Csrp2, and Prame are expressed in many tissues compared to other three genes, Prom2, Tmpress3, and Dhrs2. Moreover, the expression levels of the former five genes expression are reduced in some HSF1KO-HD tissues.

However, I did not examined whether heat shock protein (Hsp), the most classical target genes of HSF1, are affected in their expression by HSF1 deficiency. Hsps directly bind to intracellular proteins and maintain the precise folding of denatured proteins, thus it is important whether Hsp expression level is affected in WT-HD and HSF1KO-HD.

Benjamin and his colleagues showed that CRYAB, Hsp25, and Hsp70 are decreased in the HSF1KO mouse (not HD mouse) heart at the protein level but that Hsp60 and Hsp90 are not changed \[[@r32]\]. I examined Hsp70, Hsp40, and Hsp27 expression in the striatum, heart, and spleen by RT-PCR. In the striatum, these three Hsps levels in control mice were almost the same as those in HSF1KO-HD mice. In the heart, only a slight difference was found in Hsp70, and there was no difference in Hsp40 and Hsp27 between control and HSF1KO-HD mice. In the spleen, a clear difference was found in Hsp70 and Hsp40, their expression was decreased to 75% and 60%, respectively. But Hsp27 level was very low and did not show a significant difference ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.(a) The expression levels of Hsp70, Hsp40, Hsp27 in the striatum, heart, and spleen. The numbers shown above PCR bands (1, 2, 3, 5, 6, and 7) indicate the mouse number. (b) The expression levels of Hsps shown in (a) were quantified by Image-J. The results are shown as graphs and significance is indicated when the *P*-value is less than 0.05. S18 is the internal control indicating that the same amount of RNA was applied.).

I previously discovered accelerated polyQ protein aggregation in the HSF1KO-HD mouse striatum, but the Hsp expression of HSF1KO-HD mice was similar to that of the controls. Similarly, I could not find any prominent difference in the expression levels of Hsps in the heart. The largest difference was found in the spleen, but the percentage was less than 75%.

These results indicate that the change in Hsp expression level caused by HSF1 deficiency is subtle in a variety of tissues, therefore, the novel target genes, especially Nfatc2, Pdzk3, Cryab, Csrp2, and Prame, have more pivotal roles in maintenance of the homeostasis in tissues and organs than Hsps.

Discussion {#s4}
==========

In this study, I used WT-HD and HSF1KO-HD mice to investigate whether polyQ protein aggregates/inclusion generated in other tissues in addition to the brain. The original R6/2 mice (150CAG) established by Bates group show clear inclusion bodies in all tissues examined \[[@r25]\]. Previously, I examined the aggregates/inclusion in the brain including the striatum and found increased aggregates in the HSF1KO-HD striatum, but they did not easily grow into complete inclusion. Almost 40 weeks were necessary to develop the typical inclusion bodies \[[@r12]\].

In this study, I investigated aggregates/inclusion generation in each tissue examined. The brain was separated into the striatum, cerebellum, brain stem, and re-investigated. Surprisingly, I did not find any aggregates/inclusion generation in any tissues of the WT-HD nor even in HSF1KO-HD mice except in the striatum. However, the soluble pre-aggregative polyQ protein levels in WT-HD tissues were lower than those in HSF1KO tissues. I also tried to find aggregates in postmortem mouse tissues but failed.

Furthermore, I also examined the expression of eight essential genes and found Nfatc2, Pdzk3, Cryab, and Csrp2 are expressed in each tissue. As I already revealed, NFATc2 up-regulates Pdzk3 and Cryab together with HSF1, and PDZK3 and CRYAB form an SCF-type E3 ubiquitin ligase complex. The PDZK3/CRYAB complex can efficiently degrade polyQ proteins \[[@r12]\]. I recognized that the eight genes are important for intracellular homeostasis, and the fact that Nfatc2, Pdzk3, and Cryab are expressed in many tissues indicates these three genes may be especially important for most tissues and many kinds of cell *in vivo*.

Before I started this research, I expected HSF1 deficiency significantly affects the gene expression at least in several tissues. But actually, prominent effects appeared in only heart, spleen, and stomach. In the heart and spleen, Pdzk3 expression was almost completely diminished by HSF1 deficiency. In the stomach, Pdzk3 was not detected in either WT or HSF1KO-HD mice. In these tissues, Csrp2 was affected by HSF1 deficiency in addition to Nfatc2, Pdzk3, and Cryab.

I found that Csrp2 was expressed in nine tissues in this study, importantly, its strong anti-aggregation ability at the same level to the other three genes were previously revealed \[[@r12]\]. CSRP2 has a LIM zinc finger domain, and this domain is known as protein-protein interaction. CSRP2 may be involved in the PDZK3/CRYAB E3 complex. At the least, CSRP2 may have an anti-aggregation ability, and the ability may not be related to PDZK3/CRYAB E3 complex.

This time, I separated the brain into three regions, striatum, cerebellum, and brain stem. I found polyQ aggregates in only the striatum and an increase of aggregates in the same region of HSF1KO-HD mice. However, the effects of HSF1 deficiency to gene expression were not strong, Nfatc2, Pdzk3, and Cryab showed 50--20% reduction in expression ([Fig. 4](#fig_004){ref-type="fig"}). Csrp2 was not detected. Because of a lack of credible antibodies, I could not examine the protein levels of NFATc2, PDZK3, and CRYAB. Thus, there is still a possibility that HSF1 deficiency causes a prominent reduction in these three proteins.

On the other hand, I examined how much the expression of Hsps is affected by HSF1 deficiency *in vivo.* I examined the protein levels of Hsp70, Hsp40, and Hsp27 in striatum, cerebellum, and brain stem. However, I could not find any difference. Benjamin and his colleagues showed the levels of major Hsps proteins in brain, heart, liver, and kidney \[[@r31]\]. Similar to my results, the protein levels of the major Hsps − Hsp70, Hsp90alpha, Hsp90beta, Hsc70, Hsp60, and Hsp25 − among WT, HSF1hetero, HSF1KO mice were not reduced by HSF1 deficiency except for Hsp25. Hsp25 showed a 50% reduction in HSF1KO mice. However, these data and my results do not show a substantial change in the expression of Hsps caused by HSF1 deficiency, even in the striatum, but the polyQ aggregation level was increased in the HSF1KO-HD striatum. Considering my data, Hsp expression still requires attention, but the novel HSF1 targets, especially Nfatc2, Pdzk3, Cryab, and Csrp2, must be more critical genes than Hsps for intracellular homeostasis *in vitro* and *in vivo*.

This work was supported by JSPS KAKENHI Grant-in-Aid for Young Scientist (B) (23700512 N.H.), Grant-in-Aid for Scientific Research (C) (25430090 N.H.), and Takeda Science Foundation (23009 N.H.). I would like to thank to Drs. Shigeru Kakuta, Ken-ichiro Otsuyama and Takeshi Honda for encouragement. Special thanks to Ms. Tayoko Ishimura for research assistance and also for her encouragement.
